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Abstract 
The aim of this work was to demonstrate the advantages of the Ni/Cu/Ag plating process when the number of busbars on the 
solar cell is increased. Cells with four and five busbars were processed and compared to those with three in respect of efficiency, 
finger and solder adhesion. It is shown that the efficiency can be increased by 0.15%, while the finger adhesion remains the same 
or improves and the solder adhesion remains mostly greater than 1 N/mm²,  if the number of busbars is increased from 3 to 4 or 
5. The mass of metal deposited can be reduced by up to 30% for 5 busbars compared to that required for 3 busbars. Furthermore, 
it is estimated that the cost of metallisation can be reduced from 9 €ct/wafer for three busbars to 8.6 €ct/wafer for five busbars. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The aim to produce more efficient and cost effective solar cells and modules has led to an increased number of 
busbars on silicon solar cells. The current standard of three busbars is expected to be replaced by four to five or 
 
 
* Corresponding author. Tel.: +49 1709170382; fax: +49 761156379423. 
E-mail address: john.burschik@rena.com 
Available online at www.sciencedirect.com
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the Metallization Workshop 2016
 J. Burschik et al. /  Energy Procedia  98 ( 2016 )  66 – 73 67
 
multiwire concepts within the next years [1]. Some manufacturers have already installed such lines. An increased 
number of busbars leads to shorter effective finger length [2,3]. This can result in a lower series resistance Rs if the 
finger cross section is maintained constant. Alternatively, it is possible to reduce the finger cross sectional area,  
maintaining the Rs and reducing the costs of metallisation.  
The most common technology for metallisation of silicon solar cells is screen printing of silver paste. A large 
proportion of the total metallisation costs is taken by the price of silver, which is also subject to fluctuation of 
market price. Substituting copper for silver and plating for printing promises considerable savings. Replacing an 
established technology requires at least equal technical performance and a financial benefit. Both of these aspects 
are compared and discussed in this paper. 
2. Simulation 
In order to estimate the required finger cross section Gridsim [4] calculations for three, four and five busbar grid 
designs were performed. It was assumed that the finger cross section is defined by the width of the laser contact 
opening w=20μm and the thickness of the plated layer h (Figure 1). The growth of the layer is isotropic so that the 
extensions to the sides of the opening are equal to the height h. For all calculations an emitter resistivity of 120 ȍ/sq 
and a metal conductivity ı = 3 × 10-8 ȍm were used, the size of the cell was 156 mm × 156 mm. Shading was 
considered as 100% effective (i.e., light incident on the metal grid does not reach the cell) [2]. The cross section of 
the busbar was defined as rectangular with the width having fixed values (see Table 1) and the other side being the 
plating thickness h. 
 
Figure 1: Schematic cross section of a plated finger 
Only the case of three busbars was optimised in regards to power loss. A higher finger cross section improves 
conductivity but increases shading loss and decreases the short circuit current Isc. From the minimum in power loss 
for the three busbar case Rs= 0.39 ȍcm² was obtained. In the other cases, the plating thickness h was varied to give 
the same value of Rs= 0.39 ȍcm² and associated values of finger cross section and the number of fingers were 
obtained (Table 1). 
Table 1: Results of the Gridsim simulations. The first four columns are input parameters and the last three columns represent the results of 
simulations. 
No. of busbars Busbar width (mm) Finger length 
(mm) 
plating height 
(μm) 
Rs (ȍcm²) No. of fingers Finger cross section 
(μm²) 
3 1.5 25 11 0.39 116 525 
4 1.0 19 6 0.39 130 260 
5 0.9 15 4 0.39 145 139 
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Figure 2: Modified emitter doping profile for plating with reduced surface concentration and deeper diffusion 
 
3. Process sequence 
The processing of electroplated cells is quite different to the manufacturing of screen printed cells [5]. The 
process consists of these individual steps:  
x Laser contact opening: To ablate the SiNx layer a pico second laser with 355 nm wavelength was used. The 
choice of laser has a big impact on the adhesion of the metallisation [6,7].  
x Pretreatment: To remove the native oxide a buffered diluted HF solution was used. 
x Ni LIP: A thin nickel layer was deposited using light induced plating (LIP) [4,8] . This layer forms the 
contact to the silicon and acts as a diffusion barrier against copper diffusion into silicon. 
x Cu LIP: The copper layer was also grown with a light induced plating step. This layer forms the bulk of the 
contact finger and acts as the conducting layer. The illumination at the wafer was ~ 3000 lux. 
x Ag Immersion: A very thin (~100 nm) silver layer was added in an immersion bath. Without this layer the 
copper surface would tarnish and the solderability would suffer. 
x Annealing: To improve contact formation and adhesion the cells were annealed for 5 minutes at around 
300°C in a nitrogen atmosphere. 
The process from pretreat to the silver layer are single side processes and the rear side is kept dry. The precursors 
were 156 mm x156 mm p-type Cz wafers with a modified doping profile for plating with a reduced surface 
concentration and deeper diffusion (see Figure 2) resulting in an 120 ȍ/sq emitter. Compared to screen printing the 
nickel layer can contact lower doped surfaces [9]. On the rear side the wafers had been screen printed with Al paste 
and a full area backsurface field had been formed. 
There were 150 fingers laser ablated and three busbar layouts were used: 3 × 1.5 mm, 4 × 1 mm and 5 × 0.9 mm 
width. For the 3 and 5 busbar case the shading is equal and lower for four busbars. It would have been advantageous 
to have the same busbar area for all groups but in order to be comparable to previous experiments this setup was 
chosen. But the difference has to be considered when comparing the experimental results. Similarly each grid 
pattern could have been designed with an optimal number of fingers for minimal Rs, however for simplicity all have 
cells were ablated with the same number of fingers.  
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4. Experimental results 
4.1. Metal mass 
To determine the necessary mass of deposited metal, several cells were processed with varying metal mass. 
Considering that a low mass would result in a reduced fill factor (FF), a FF of 80.2 % was chosen as a criterion. For 
each number of busbars,  a range of masses resulted in FFs of  80.2% (see Figure 3). 
 
 
Figure 3: Measured FF as a function of number of busbars and metal 
mass   
Figure 4: Finger width vs. position on the wafer, grey areas indicate 
busbar positions
 
Table 2: Metal deposition and reduction, simulation and experimental 
Metal deposition (mg) Metal reduction(%) 
No. of busbars Simulation Experimental Simulation Experimental 
3 165 75-90 0 0 
4 90 60-72 45 20 
5 58 50-65 65 30 
 
Comparing the results from simulation and experiment a significant deviation can be seen (Table 2). The error 
from the deviation from the optimal number of fingers was < 5%. One possible explanation is that the finger width 
was not uniform across the wafer. Next to the busbars, the finger width was narrower than halfway between the 
busbars (see Figure 4). The current distribution appears to have not been uniform across the wafer surface. 
Consequently the cross section of the finger was not uniform and close to the busbar the layers grown on the 
individual laser pulses can still be seen like beads on a string (Figure 5). 
Together with the reduced metal laydown comes the advantage of reduced shading which increases the efficiency 
(Figure 6). The four busbar layout has less shading from the busbars than the other two grid designs and therefore 
has a reduced shading loss. Efficiencies up to 19.5 % were measured (not shown in Figure 6). 
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Figure 5: Microscopic image of a finger close to a busbar 
 
Figure 6: Efficiency gain with increased no. of busbars 
4.2. Adhesion 
In the past plating often did not show adequate adhesion compared to other metallisation methods [5]. With 
progress in processing however it has been shown that plating can achieve adhesions high enough to enable mass 
production [10]. Adhesion was tested on the fingers and after soldering on the busbar. The method used for the 
fingers is based on the IPC-TM-650 TM 2.4.1E [11] standard used in printed circuit board testing, the difference 
being that the adhesive tape used is from a different manufacturer, Tesa instead of 3M, but with similar adhesive 
force per area so only a small deviation is expected. The number of fingers delaminated by the test divided by the 
total number of fingers tested gives the pull off ratio (Figure 7). Wafers with lower mass perform better in the tape 
test. This may be because of reduced mechanical stress in the metal stack or higher adhesive force of the tape on the 
broader fingers of the higher mass deposits. Compared to a second method of testing with a stylus [12] on several 
locations on the wafer the results differ (Figure 8). In this case there was no difference between the two groups 
apparent so further investigation is necessary. Since more wafers were tape tested and this method is more widely 
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used these results were used to conclude that overall finger adhesion was sufficiently strong for production, although 
there is no defined value to surpass. 
  
Figure 7: Finger pull off ratio vs. metal mass Figure 8: shear force on finger 
 
To solder the wafers a semiautomatic soldering station was employed, the temperature at the solder tips was 
300°C, and 1.5 mm x 0.2 mm Cu ribbons with SnPb 60/40 solder were used. Solder adhesion was tested in a 90° 
peel test according to IEC 61189-3 [13]. Results plotted in Figure 9 where each data point represents a solder point 
on a busbar show that the peel force changes with the busbar area. However the peel force per busbar width was 
mostly above the threshold value of 1 N/mm which is considered sufficient for module assembly. Manual assembly 
is responsible for the majority of the lower values, on the other hand the peel forces are partly high enough to cause 
wafer fracture (Figure 10) 
 
 
Figure 9: 90° peel test results Figure 10: wafer after peel test showing wafer fracture 
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5. Cost of ownership 
If plating is to be competitive with respect to screen printing, not only the performance of the cells has to be on 
equal level but the technology has to be financially attractive. For the three busbar case, the cost of ownership was 
compared. In both cases (i.e., plating and screen-printing), a production line with the capacity of 3000 wafers per 
hour was assumed for the calculations. Contributing factors are tool costs, floor space, spare parts, consumables, 
utility costs (electricity, water, compressed air etc.), waste treatment and labour [14]. To estimate the costs of screen 
printing, a silver price of 480 €/kg and a Ag paste consumption of 90 mg [1] with two printing steps [15] were 
assumed. In this scenario no efficiency gains were considered. With these assumptions, plating results in costs of 9 
€ct/wafer compared to 12.4 €ct/wafer for screen printing (Figure 11). The largest cost component for screen printing 
is the cost for the Ag paste which raises the consumable cost to over 70% (Table 3). On the other hand, tool costs 
are higher for the plating cluster and are almost the same as the cost for consumables. All factors, except 
consumables and tool costs, are included in the ‘other’ category. Although waste water treatment is expected to 
draw some attention in the near future, the expenses associated with it are only estimated to be 1.5% of the total 
cost. 
 
Figure 11: Comparative CoC for three busbar plated and screen printed cells (assuming 90mg paste and double print process) 
 
 
Table 3: Percentages of costs for plating and screen printing of three busbars  
  Consumables (%) Depreciation (%) Other (%) 
plating 25.5 24.4 50.1 
screen printing 72.2 4.8 23 
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Assuming the metal mass from the experimental data, the cost of metallisation is expected to diminish to 8.6 
€ct/wafer going from three to five busbars. With the lower plated metal mass, the process time in the plating bath is 
reduced and therefore also the consumption of chemicals. Additionally the plating bath can also be shortened 
leading to a shorter and cheaper plating tool. The reduction in consumables contributes ~ 75% of the savings, the 
other 25% being attributed to the tool.  
The efficiency gain from lesser shading for the increased number of busbars constitutes an additional benefit. 
 
6. Conclusion 
Wafers processed with Ni/Cu/Ag plating with four or five busbar designs were compared to those with the 
prevalent three busbar grid design.  It has been shown that the increased number of busbars leads to improved 
efficiency through lesser shading and better finger adhesion. Solder adhesion did not improve but remained on the 
same level if the reduced solder area is considered and was sufficient for module production. An increased number 
of busbars reduces the required metal deposition for the grid. Not only is the amount of consumables reduced but the 
production tool can be made smaller and cheaper.  
Comparing the metallisation costs for screen printing and plating shows the potential of cost reduction. Plating 
has the advantage lower consumable costs mainly because only a small amount of silver is used. This is offset 
against the higher cost of the production tools. When the number of busbars is increased both technologies profit 
from the reduced metal deposit, but plating additionally profits from the reduced tool production costs. This may 
shift the acceptance of plating. 
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